The authors use a 1998 workshop titled "Observations, Experiments, and Large-Eddy Simulation" as a springboard to begin a dialogue on the philosophy of simulation as well as to examine the relationship of large eddy simulation (LES) of geophysical flows to both observations and experiments.
Introduction
Numerical simulations of complex, multiscale phenomena are common in the geosciences. The everexpanding ability to perform numerical simulation, as represented by our ability to solve for the evolution of dynamical systems with millions of degrees of freedom on a desktop workstation over a weekend, introduces permanent and structural changes in the way we do science. Our capacity for numerical simulation changes how we think about reality, how we form and test ideas, and even how we organize and conduct ourselves. The influence of this developing capacity of ours is profound; but do we really understand what we are doing? Just what are these creatures we call simulations, and how do they relate to those things in our culture that are more traditional: simple models or theories, observations, and experiments.
In the summers of 1997 and 1998 two workshops were organized by the Geophysical Turbulence Program (GTP) of the National Center for Atmospheric Research (NCAR) to, in part, address these issues. The first of these workshops, on Physical Reality and Numerical Simulations, dealt more philosophically with Observations, Experiments, and Large Eddy Simulation Bjorn Stevens* and Donald H. Lenschow + the relationship between reality as perceived through familiar means (i.e., observations and experiments) and models or simulations of that reality. The second, which bore the same title as this paper (and shall hereafter be referred to either as the "OEL workshop" or simply "the OEL"), explored in a more practical manner relationships among simulations, experiments, and observations of turbulent atmospheric or oceanic boundary layers. Although this manuscript is influenced by both workshops, it draws more heavily on the subject matter of the second. Indeed, the manuscript was originally conceived as a report on the OEL workshop. Instead of simply reporting on the workshop, we decided that an article attempting to further develop the major issues that arose during the course of the workshop would be more interesting and useful. However, it is inevitable that some things that would be present in a standard report will be left out, and that the discussion will be more heavily flavored by the authors' biases and interests.
This paper is divided into two rather distinct parts. The first part (section 2) discusses the nature of simulation from a philosophical perspective. While philosophers of science have dealt extensively with methodological questions, the role and nature of simulation are only beginning to be addressed. Even then most philosophical discussions focus on climate simulation (e.g., Randall and Wielicki 1997; Shackley et al. 1998; Petersen 2000 , and references therein). Thus the goal of this first part is to begin a dialog (from a practitioner's perspective) on the philosophy of fluid simulation. The main questions we focus on are, what is simulation in general and large eddy simulation in particular, and how does it relate to observations and experiments? The second part (sections 3 and 4) draws more specifically on the deliberations of the OEL workshop, and the previously posited relationship between observations, experiments, 1 and large eddy simulation (LES). Its main conclusion is that there are two distinct types of tests of LES, both of which are readily achievable given existing technologies. In light of this, in section 4 we advocate strategic initiatives that attempt to make such tests.
Toward a philosophy of simulation
Observations and experiments are longstanding, well-defined scientific endeavors. Simulation, or at least what we mean by simulation, is not. Simulation is clearly distinct from observation and experiment in that it has no explicit dependence on objective reality; that is, it is a closed theoretical exercise that at best reflects our preconceptions about reality. What is less clear is how simulation relates to other types of closed theoretical activities, and how its special characteristics might form a better basis for relating it to observation and experiment.
In general scientific terms, simulation refers to the representation of the behavior or characteristics of some system, A, through the use of another system, B. Hereafter we limit our consideration primarily to real geophysical fluids (system A) and to computer programs that try to characterize their behavior (system B). Hence we use the word "simulation" synonymously with the phrases "computer simulation" or "numerical simulation." This general definition obscures the fact that B never directly simulates A. Instead it simulates a mathematical representation, or model, of A that we denote by A′ . Introducing A′ in this matter serves the purpose of reminding us that the fidelity of any simulation depends on the fidelity of the computer program to the mathematical model (i.e., B to A′ ) and the fidelity of the model to the physical system (i.e., A′ to A).
a. Minimally and maximally aggregated systems
The state of any system A can be represented in a variety of ways. Consequently the model A′ , of how this state changes, can take many forms with varying degrees of similitude to A. Consider a fixed mass of gas in a cylinder. Its state can be represented in a highly aggregated fashion through the specification of its temperature and pressure, or in an essentially nonaggregated fashion through the specification of the position and momentum of each of the gas molecules. In this case we have only two degrees of freedom for the maximally aggregated system, while for the nonaggregated system there are effectively an infinite number of degrees of freedom. In both cases we arrive at model A′ that for most purposes is believed to be an acceptable model of A. As we shall see this is not always the case.
The degree of aggregation of A is a distinguishing feature because our understanding of complex systems is often manifest in our ability to represent their behavior in some low-dimensional (or highly aggre-gated) sense. However, to the extent that we have good mathematical models of fluid systems, such models usually correspond to essentially nonaggregated representations of the system. This situation results in a scientific strategy whereby essentially nonaggregated systems obeying readily accepted physical laws are simulated. These simulations are then analyzed with the hope of uncovering patterns, or laws, in their macroscopic or highly aggregated behavior. Such a strategy introduces methodological distinctions between minimally and maximally aggregated systems.
b. Pseudofluids and real fluids
In some cases the correspondence between A and A′ is effectively exact. As mentioned above, this is usually the case for essentially nonaggregated systems. In such cases we can speak of B directly simulating A and hence we can imagine ourselves simulating a real fluid. An example of such a situation is when we simulate systems (such as a weakly stirred tank of water) described by the Navier-Stokes equations at low Reynolds number (Re). Simulations of such systems are possible and are called direct numerical simulations (DNS). In principle there is no difference between an ideal laboratory experiment and its corresponding DNS.
A problem arises when we consider more geophysical-like flows. In such flows the degrees of freedom in the system (as reflected say by the value of Re) are so numerous that DNS is not possible. That is, even though there exists a system A′ whose correspondence to A is effectively exact, it is for a system whose degrees of freedom are so numerous it can not be solved on a computer. To get around this difficulty we look for equations describing slightly more aggregated systems. Unfortunately such equations tend to be more conjectural, thereby breaking the correspondence between A and A′ . In such situations we speak of simulating a pseudofluid, which is a hypothetical fluid defined to correspond exactly to the mathematical system being solved A′ but whose correspondence to A cannot be considered effectively exact.
In coining the term "pseudofluid" we have in mind something more specific than any equation set A′ that is conjectured to represent a real fluid. Specifically we are thinking of systems that are minimally aggregated solely for the purpose of rendering them solvable with a computer. Such systems are introduced to avail ourselves of the possibility of extending the methodological advantages of real fluid simulation to systems with too many degrees of freedom to make real fluid simulation possible. Consequently pseudofluids are methodologically distinct from simple models, or parameterization; the latter are not meant to provide us with a tool, but rather a more satisfying description of the macroscopic behavior of fluid systems. Pseudofluids also differ from these more highly aggregated models or parameterizations in that they are constructed in a fashion that preserves more of the original physics of the real fluid, and thus they tend to be more plausible descriptions of the real fluid than do more aggregated systems.
To make these ideas more concrete consider the Navier-Stokes equations:
Here the state of the system is represented by the three components of velocity u i on all relevant scales. Now imagine a filter that can decompose any continuous field φ into a low-pass component φ ස and a residual φ′ = φ − φ ස . If the filter commutes with the derivative operators, then upon application to (1) it produces an equation of the form:
This latter equation is identical in form to the original Eq. (1) except for the additional term on the rhs. This term is usually referred to as the subgrid-scale (SGS) term because physically it represents the collective effects of subgrid-scale (actually subfilter) processes on the evolution of the resolved scales (i.e., those scales unaffected by the application of the filter). In order for (2) to be solvable the SGS term must be written as a function of the resolved scales. Such a function is called an SGS model or parameterization. Exactly how one represents this SGS term is a matter of considerable debate (e.g., Meneveau and Katz 2000) . The lack of a generally acceptable representation means that in the process of aggregation we have moved from a model of an essentially unaggregated system (1) that is generally believed to describe reality, to an analogous model for the aggregated sys-tem (2) that is on less firm ground. In terms of the above terminology, (1) describes a real fluid while (2) describes a pseudofluid.
Because every set of fluid equations that we write down is actually an idealization of a real fluid, and a real fluid is itself an idealization of something even more basic, it is tempting to argue that all simulation is pseudofluid simulation. So in principle what we call DNS is simply a simulation of a Newtonian fluid, while LES is a simulation of a "Smagorinsky" fluid [at least in the case when the additional term on the rhs of Eq. (2) is modeled following Smagorinsky (1963) ], where each fluid is simply a reflection of the equations being solved (Muschinski 1996) . And while, in some broad philosophical sense, we do not dispute the validity of this view, we believe that the nature of the questions our community most commonly asks warrants the distinction we make. That is, the answers to most of the questions that concern us are not believed to depend on the degree of departure of real fluids from their idealization as Newtonian fluids.
c. Geophysical pseudofluids and LES
Geophysical examples of pseudofluid simulation range from LES to climate-system simulation. The relationship among different classes of pseudofluids, and the corresponding real fluids, is illustrated in Fig. 1 . Thus, while the scales involved in precipitating deep convection range over at least 11 orders of magnitude, problems associated with the cloud-free convective boundary layer involve scales spanning at least 7 orders of magnitude. In both cases the minimally aggregated system involves so many degrees of freedom that it must be reduced to a pseudofluid involving scales spanning less than 3 orders of magnitude. The relative degree of truncation among systems necessarily depends on the degrees of freedom and the timescales in the problem at hand. Given fixed resources, simulations of more complicated systems necessarily involve synthesizing more pieces, or if you will, a greater degree of aggregation. Hence the correlation between the complexity of the parameterized physics and the proportion of explicitly represented scales in Fig. 1 .
LES is in some basic respects similar to other types of pseudofluid simulation (i.e., it lacks formal justification); however, it also has several distinct qualities that warrant special mention.
• Compared to other types of pseudofluids, such as GCMs and cloud-resolving models, SGS processes in LES are relatively simple.
• The LES equations for cloud-free fluids have the Navier-Stokes equations as their limit as the filter scale goes to zero • Many of the flows described by LES have laboratory analogs (e.g., Deardorff et al. 1980; Fedorovich et al. 1996; Fernando 1991; Sayler and Breidenthal 1998 ).
• Compared to other types of pseudofluids its use as a pseudoempirical tool is somewhat more advanced.
These factors tend to make LES, particularly for nonprecipitating flows, more amenable to a rich variety of tests. Furthermore, because LES lies at the foot of a hierarchy of pseudoflow simulations (e.g., Fig. 1 ), it can play a unique role in any attempt to decoct general relationships between pseudo-and real flows.
Observations, experiments, and LES
For the reasons discussed above, we believe that the need for critical tests of LES is pressing. Fortunately many such tests are readily implemented. These points are not sufficiently recognized. LES is often compared to observations, and now and then to experiments. But as has been previously pointed out (e.g., Wyngaard 1998b) such comparisons are too often ad hoc, uncritical, and/or irrelevant. By ad hoc we mean that field observations or laboratory experiments are not typically designed specifically to test LES. Not surprisingly, such data are usually able to make only weak, qualitative statements about the fidelity of LES. By uncritical we mean that comparisons are made without clear statements as to what constitutes a significant difference (i.e., what constitutes a failure) and whether or not measurements are precise enough to show such differences. Last, by irrelevant we mean that to the extent to which they exist, corroborations of LES are rarely based on quantities that LES is looked toward as an authoritative source. That is, corroborations of LES may be based on profiles of readily measurable first-or second-order moments (e.g., Nieuwstadt et al. 1991) , but then LES is used to make statements about quantities that are difficult (or impossible) to measure (e.g., Moeng and Wyngaard 1986) .
The OEL workshop was organized in large part because of this. The workshop participants focused on the three rather specific, albeit often overlapping, themes: scalar mixing; coherent structures; and entrainment, stratification, and wall effects. The work-shop concluded with a wide-ranging discussion that we elaborate on further below. One of the more significant results of the workshop was the consolidation of the view that LES could provide a unifying framework for future research into geophysical boundary layers, but that to do so it needed to be endowed with a dual character; it needs to be seen on the one hand as a pseudofluid whose fidelity to real fluids requires further evaluation, and on the other hand as a means of generating or refining self-consistent and precise hypotheses about the behavior of real fluids. Tests of LES should reflect this dualism by either attempting to test the method in some general sense, or by testing specific physical relationships it suggests. These two types of tests and their relationship to observations and experiments are discussed below under the subject headings of method justification and hypothesis testing, respectively. 
a. Method justification
Either of the following two statements (conjectures) is sufficient justification of LES.
C1: The SGS model used in LES is a faithful reproduction of reality. C2: The statistics of the low-frequency modes that are explicitly calculated by LES are not sensitive to errors in the parameterization of SGS effects.
Here, C1 can be considered as a strong justification conjecture and C2 as a weak justification conjecture. For this reason, and because available evidence poorly supports the first (particularly for SGS models commonly used in LES of atmospheric flows), the second is more common. Although we introduce C1 and C2 as conjectures to be tested, they can also be seen as the means through which LES is refined or calibrated. That is, in the process of testing the justification conjectures, new insight is gained that allows us to better constrain SGS models, or better define low-frequency modes, or better determine regimes in which such conjectures are well founded. Inevitably this leads to improvements in the method as a whole.
1) METHOD JUSTIFICATION AND EXPERIMENTS
The strong justification conjecture (C1) for LES has been most extensively examined by the engineering community. An extensive literature on this topic has developed, particularly with regard to what are often called a priori tests of SGS models (e.g., Meneveau and Katz 2000, and references therein). Although such tests are normally made using DNS of engineering flows (e.g., Clark et al. 1979; Piomelli et al. 1997) , laboratory flows can also be easily adapted to this purpose. For example, subminiature hot-wire measurements in the intermediate wake region behind a cylinder have been used to evaluate estimates of dissipation by different SGS models (O'Neil and Meneveau 1997 ). An important finding of this laboratory work is that even at rather large Re x [m] . Note that some of the lines are drawn assuming that only a single decade need be resolved to exactly represent the dissipation range. The inertial range is drawn assuming turbulence production on the scale of the PBL depth (i.e., 100-1000 m). The additional scales included for flows with clouds reflect the size of cloud drops. Because a proper representation of microphysical processes requires additional variables (i.e., for the distribution of drop sizes, mixtures, etc.) estimating the degrees of freedom in the system as the cube of the ratio of the range of scales spanned by the system leads to a large underestimate. In the figure the acronyms are GCM/CSM (General Circulation/Climate System Model), MM (Mesoscale model), CRM (cloud-resolving model).
2 A great deal can be learned simply by refining and evaluating LES by itself, either through parameter or convergence studies (e.g., Lewellen and Lewellen 1998; Bretherton et al. 1999; Mason and Brown 1999) ; however, we consider these sorts of tests as essential consistency checks that should be part of the normal process of forming plausible physical hypotheses on the basis of simulations, so they are not discussed further here. coherent structures appear to have a direct effect on SGS dynamics.
In contrast, laboratory analogs to geophysical flows have tended to focus on the weak justification conjecture (C2), by comparing aggregated, outer-scale quantities to LES. For instance, velocity variance statistics taken from tank experiments were compared to LES of shear-free convection by Nieuwstadt et al. (1991) . Similarly, measurements of entrainment rates in a variety of laboratory flow regimes (e.g., Deardorff et al. 1980; Turner and Yang 1963; McEwan and Paltridge 1976; Sayler and Breidenthal 1998; Kato and Phillips 1969; Fedorovich et al. 1996 Fedorovich et al. , 2000 have also been compared to LES of the corresponding regime (Sullivan et al. 1998; Stevens and Bretherton 1999) . Because of the absence of such measurements, and because the results of O'Neil and Meneveau (1997) indicate a lack of universality at small scales, C1 conjectures pose an important and new class of questions for laboratory analogs to geophysical flows.
Another reason for conducting further laboratory studies of surrogates for geophysical flows is the rapid pace of recent technological developments. Thermally active tracers, laser-Doppler velocimeters, laserinduced fluorescence, digital imaging of neutrally buoyant tracers, and three-dimensional holographic velocimetry allow us to ask increasingly precise questions of laboratory flows. Ultrahigh Re fluids are also now succumbing to laboratory control. Worth mentioning in this regard is the emergence of laboratory facilities that use critical Helium gas or Helium I as the working fluid (Donnelly 1998) . These facilities are capable of producing flows with geophysical-like Reynolds and Rayleigh numbers (Sreenivasan 1998). 3 Results from ultrahigh Re experiments are still a driving force in attempts to understand classic problems (e.g., Siggia 1994; Niemela et al. 2000) and should be employed to further address the vexing question of Re dependence.
In summary, the relevance of laboratory analogs to LES and geophysical boundary layer flows, an increasingly refined theoretical context, and grand strides in laboratory technology, all argue in favor of renewed and increased support of laboratory studies of geophysical flows.
2) METHOD JUSTIFICATION AND OBSERVATIONS
To our knowledge, all observationally based attempts to evaluate strong justification conjectures for LES of the PBL involve measurements in the atmospheric surface flux layer. For instance Porté-Agel et al. (1998) compared estimates of the SGS heat flux to wind and temperature measurements from a sonicanemometer placed 1.7 m above the ground. They found that traditional SGS models fail to adequately represent the data. More recently, several groups have generalized this approach to allow for a more spatially complete representation of the turbulent flow, thereby allowing one to compare aggregations of physical data that are analogous to what is implied by LES (e.g., Tong et al. 1998; Porté-Agel et al. 2000) .
Measurements in the atmosphere or ocean can also be brought to bear on weak justification conjectures (C2). This is important because even if attempts to corroborate SGS models in the surface flux layer are successful, the methods used are less well suited to answering similar questions in other critical parts of the flow, such as the entrainment layer. Although comparisons of LES with observational data have in the past been performed in a largely ad hoc manner they have still yielded a number of insights. For instance while normalized vertical profiles of vertical velocity variances (Lenschow et al. 1980) appear to be well represented by LES, observed profiles of vertical velocity skewness tend to be more difficult to reproduce in the simulations (Moeng and Rotunno 1990; Moyer and Young 1991) . In addition differential absorption lidar (DIAL; e.g., Bösenberg 1998) measurements of top-down scalar variance in the convective boundary layer are also found to differ sharply from LES (Wulfmeyer 1999 ), a result that has serious implications for attempts (e.g., Kiemle et al. 1997 ) to use scalar variance measurements to infer entrainment velocities. Although turbulence measurements in the atmosphere are more commonplace, new technologies, such as neutrally buoyant Lagrangian floats (D'Asaro 1996), provide the potential for addressing similar issues in the ocean.
Just as recent developments in laboratory measurement techniques merit renewed interest in laboratory flows, the Wulfmeyer (1999) study hints at how the increasing refinement of remote sensing technologies can be brought to bear on questions raised by LES. Because of their ability to sample a flow in more than 3 We note that DNS is also pushing the envelope to ever higher Re (e.g., Werne and Fritts 1999) , albeit still orders of magnitude smaller than the state of the art experimental facilities. Nonetheless as computers become more powerful the range of scales represented by DNS and LES (e.g., Fig. 1 ) may, in a decade or two, begin to overlap for some problems.
one dimension, and in some cases reconstruct multidimensional velocity fields, measurements from remote sensing instruments have the potential to be particularly useful for evaluating LES. For example, lidar backscatter measurements can yield important information down to a scale of a few meters about the structure of interfaces in fully developed turbulent flows-information that could conceivably be compared to previous experimental and theoretical work (e.g., Sreenivasan et al. 1989 ) as well as LES (e.g., Sullivan et al. 1998 ). More sophisticated lidar techniques (e.g., Eichinger et al. 1999 , and DIAL lidars) have also been developed for measuring trace gas concentrations on scales commensurate with, or smaller than, those currently resolved by LES. These techniques, when combined with other methods such as radar Radio Acoustic Sounding System (Senff et al. 1994) , or Doppler retrievals (Giez et al. 1999) , provide a means for estimating fluxes remotely through the boundary layer. In addition to lidars, both cloud and clear-air radars provide a wide range of complementary capabilities that, because they sample similar flow volumes, seem well suited to evaluating LES.
A disadvantage of ground-based remote sensors is their poor statistics of large-scale features (e.g., Senff et al. 1994) . One way around this limitation is to mount sensors on mobile platforms (e.g., Kiemle et al. 1997) ; another is to make measurements over many days in relatively stationary and homogeneous conditions, and then average over similar time periods in the diurnal cycle. For example, an experiment involving Doppler lidars carried out over a period of weeks to months (to yield the highest possible number of similar days) at a site like western Utah's salt flats (Klewicki et al. 1998 ) appears well suited to a critical evaluation of the ability of LES to faithfully reproduce large-scale structures in buoyancy-forced atmospheric flows.
Although our focus here is on how observations can be used to test simulations, an increasingly important use of LES is to help evaluate observational techniques within what amounts to a closed theoretical system (e.g., Muschinski et al. 1999; Tong et al. 1998 ).
b. Hypothesis testing
There is a reflexive tendency to think that LES has not led to the development of any new theoretical concepts. One striking counterexample to this viewpoint (there are more) is the concept of mixed-layer scaling introduced by Deardorff (1970) on the basis of LES. However, even in this case, Deardorff developed this scaling on the basis of his numerical results combined with the insight and affirmation provided by both observational and experimental results. This is a classic example of how LES continues to be used as a tool for plying pseudo-empirical statements from the governing system of equations. In such a situation we are usually less interested in the general fidelity of LES, and more interested in whether certain key predictions of LES are correct. By using LES to frame the theoretical context for a given problem we can narrow down the parameter space and develop specific hypotheses shown to be critical to the behavior of a simpler model. This type of activity is discussed below, predominantly in the context of one specific example. (Moeng et al. 1996) . Indeed, recent tests with coupled atmosphere-ocean climate models suggest that quantities ranging from the mean global radiative balance to low-frequency tropical variability are decisively sensitive to the representation of stratocumulus and by implication entrainment (Mechoso et al. 1995; Ma et al. 1996; Li and Arawaka 1999, personal communication) .
For these reasons, entrainment has been extensively studied using LES. Simulations of buoyancydriven PBL flows by a number of groups (e.g., Lewellen and Lewellen 1998; Lock and MacVean 1999; van Zanten et al. 1999; Moeng et al. 1999; Stevens et al. 1999b ) result in entrainment velocities (w e ) that follow a general relationship closely related to the entrainment parameterization originally suggested by Stage and Businger (1981) on the basis of energy-balance arguments, namely, 4 In the interests of complete disclosure the authors note that they have recently been funded to do essentially what is advocated below. 
Here α is a universal measure of entrainment efficiency in homogeneous buoyancy-driven flows, w s is a scale velocity related to the strength of the thermal forcing, z ml is the depth of the turbulent layer, ∆b is the buoyancy jump separating the turbulent fluid from the quiescent fluid, C is an additional factor that in the cited studies accounts for undulations in the mean interface, and Ri B = z ml ∆b/w 2 s is a bulk Richardson number. The behavior of LESs by the different groups each tend to be well constrained by the form of such a relationship. In particular one group (Lewellen and Lewellen 1998) has performed exhaustive studies of this process and found that at least in the context of their simulations such a description is remarkably robust for some regimes.
Nonetheless simulations by different groups (which differ primarily in what are hoped to be algorithmic details) disagree as to the value of α, how best to define w s , and on the physical interpretation and magnitude of C. Such differences account for the approximately 30% scatter in the prediction of w e among groups. Because the ensemble statistics derived from a single model tend to disperse much less than the ensemble statistics derived from a family of models, the 30% scatter among models cannot be explained as the scatter among individual flow realizations. Hence the fact that slightly different algorithms lead to simulations that seek slight but significantly different balances raises the question (e.g., Stevens et al. 1999b) as to whether the entrainment relationships that individual models seem to obey reflect physical balances, or spurious ones.
Equation (3) illustrates how relationships developed through the use of LES can then go on to be tested quite independent of the simulations that inspired them. Because (3) was proposed for use in simple PBL models, all the quantities that enter into it are bulk parameters that are readily measurable. The most difficult measurement is of the entrainment rate itself (although depending on one's interpretation of C this could also be quite difficult to measure). However measurements in nocturnal, marine stratocumulus decks should be capable of evaluating (3) to a degree of precision necessary to constrain the general behavior of LES, if not to decide among the different simulations. Stratocumulus tend to be well suited for w e measurements, because (i) the relationship to be tested was derived with stratocumulus in mind, (ii) they make the PBL top readily identifiable, and (iii) such layers are often relatively homogeneous. At night, the boundary layer forcing is also physically simpler to characterize, easier to measure accurately, and more stationary.
5 Because C in (3) depends on the timemean structure of the interface bounding the turbulent layer, a field campaign designed to evaluate (3) must also characterize the structure of the cloud top.
Entrainment relationships such as (3) are not only suited to observational corroboration. There exists an extensive literature on entrainment in laboratory flows that is largely at odds with (3)-for as yet undetermined reasons. The general consensus of the laboratory community is that the nondimensional entrainment E = w e /w s scales as
In laboratory flows, with a moving grid as a source of turbulence, n is found to be either 3/2, 5/3, or 7/4 (e.g., Fernando 1991; Fernando and Hunt 1997; E and Hopfinger 1986 ). In convectively driven flows n is commonly taken to be unity [as is the case in Eq. (3), particularly when it is noted that C scales with Ri − 1 B in both dry convective and radiatively driven flows, e.g., Sullivan et al. 1998; Moeng et al. 1999] . Further work is needed to get to the bottom of this discrepancy. For instance, investigating the relationship between entrainment scaling and the structure of the large eddies might shed some light on the source of this discrepancy, and in so doing indicate to what extent the structure of the energy containing eddies controls the overall statistics of the flow.
2) OTHER EXAMPLES
We have attempted to illustrate how LES has been used to identify and craft a hypothesis, one that is central to attempts to model the interaction of the PBL with large-scale flows. Our example has been drawn from the workshop presentations largely because it is the one most familiar to the authors; other examples of similar importance were discussed at the OEL workshop and are adumbrated below. Mason and Brown 1994) and give yet another variation on what has been a consistent theme: irrespective of the flow regime LES poorly represents real flows in the surface layer. 4) A pressing question for climate simulation is, what are the ensemble statistics of fields of shallow cumulus clouds? Simulations indicate that quantities used in simple parameterizations of convection (like lateral entrainment and detrainment rates, and cloud fraction at the cloud-base level) are robust parameters of a simulation that differ by more than an order of magnitude from those commonly used in parameterizations (Siebesma and Holtslag 1996) . But variables like mixing at cloud top, variance production, and cloud-top cloud fraction are found to depend much more sensitively on uncertain assumptions in the simulation (Stevens et al. 1999a ).
In each of these cases, answers to specific questions (in the form of LES-derived predictions) should be seen not only as "parameterization products" but clear statements that need to be tested. Clearly, many of these questions could have been framed quite independently of LES. However, we have tried to show how LES can be used to refine and sharpen questions thereby allowing much more focused observations or experiments. Of course, using LES in this manner makes the most sense in regimes where it can be shown that there is at least weak justification for its fidelity.
A proposal
Heretofore, we have attempted to develop the background for what we believe are the two most important conclusions of the workshop.
R1: Large eddy simulation provides a rich theoretical context for observations and experiments (or DNS) but supplants neither. R2: Calibrating LES and testing LES-derived hypotheses constitutes today's leading experimental and observational challenge.
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Because the value of observations is generally not questioned, and because LES simulates many flows that have laboratory analogs, R1 essentially reaffirms the value of experiments. Here R2 goes further and states that the increasing use of LES defines a critical role for observations and experiments. However, in addition to providing measurements to help justify or refine the method, or data to test LES-derived hypotheses, we anticipate that observations and experiments will continue to play a fundamental role in the discovery of phenomena occurring in real fluids that were not initially revealed via LES. Examples of this include mesoscale convective structures revealed by, for example, satellite imagery; intermittent transport via "sweeps" and "bursts" occurring in the canopy at the surface; Langmuir circulations in the oceanic boundary layer; and decoupling of marine stratus clouds from the surface-driven turbulence layer. Once revealed, the relevant physical processes that drive these phenomena can then be incorporated into numerical codes and studied via LES.
Given these conclusions, and the general view of LES developed throughout this manuscript, we believe that institutional initiatives that seek to better synthesize LES, observations and experiments would be timely. Moreover we have identified three principles that we believe should be incorporated into any such initiative. First, because LES stands at the nexus of several disciplines (e.g., physics, mathematics, engineering, and geosciences), any endeavor to better combine observations, experiments, and LES should strive to emphasize collaborative activity among scientists with varied backgrounds. Second, observational and experimental programs that arise from such efforts should be sharply focused toward making the best possible measurements with regard to precise questions. Experimental details, including instrument development, site location (for observational campaigns), or experimental configuration (for laboratory experiments) need to revolve around the questions being asked-more data should not be substituted for good data. Third, we note that a systematic effort will not likely be successful unless it is allowed to learn from its mistakes. Thus while such a project could (and probably should) be a temporary endeavor, it must be of sufficiently long term, and involve sufficient funding to allow the community to return to increasingly well-understood and configured field sites, or increasingly better-equipped laboratories, again and again until either the necessary measurements are made, or it is determined that they cannot be made with available resources.
These respective elements, when taken together, amount to a modest proposal. In short, we are arguing that a broad community of people should be either informally or formally brought together for the purpose of better understanding LES and its relationship to large Re flows such as those commonly encountered in the atmosphere and ocean. So doing would not only bring our science to new levels of clarity, but would also provide a much stronger physical basis for some of our field's grander endeavors-like predicting tomorrow's weather or the next century's climate.
Summary
We have attempted to step back and explore the relationship of large eddy simulation to both observations and experiments. So doing required us to explore, in some general sense, what is meant by simulation and how it differs from other seemingly similar activities. While we find the differences are often ones of degree, practical and aesthetic motivations warrant the categorical distinctions we make. In addition to acknowledging simulation as a distinct type of scientific activity, we further find it useful to distinguish between two types of simulation-pseudofluid simulation and real fluid simulation. The former corresponds to what is most commonly called simulation in the earth sciences, that is the solutions of a hypothetical set of equations constructed from more exact equations largely for practical reasons. The latter corresponds to the special case of solving for the time evolution of partial differential equations that are, at least for a given set of questions, widely accepted as being true. Within our categorization we have identified LES as pseudofluid simulation (i.e., it solves for the behavior of a conjecture) similar in some basic sense to climate simulation using GCMs. But in another sense LES has been identified as a prototypical pseudofluid simulation, having a particularly strong theoretical basis, well-defined limits, andz a panoply of laboratory analogs. For these reasons, and because pseudofluids of increasing complexity often incorporate statistical relations derived from simpler pseudofluids, welldesigned tests of LES stand to advance more than just our understanding of the flows that LES is conjectured to simulate.
This leads us to conclude that LES cannot be used to supplant either observations or experiments, but must be used intelligently in combination with these two other activities. We outline how attempts to relate LES to experiments and observations tend to have a dual character. On one hand, observations and experiments can be used to evaluate in some a priori sense the fidelity of the LES equations. This usually amounts to an evaluation of the SGS model, but could include attempts to quantify the sensitivity of the statistics of strongly forced scales to the dynamics of the scales at which energy is dissipated. On the other hand, observations and experiments can be used to test specific conjectures developed as a result of LES. The latter activity is in a sense an indirect test of LES, but can also be seen as being independent of LES. Examples of how experiments, observations, and LES can be combined are drawn from the deliberations of the OEL workshop and suggest that more concerted efforts could yield considerable insights. Overall, our conclusions mirror the recommendations of the OEL workshop and motivate a proposal that states that mechanisms for a better synthesis of observations, experiments, and LES need to be developed. Such mechanisms can be encouraged by institutional initiatives that emphasize collaboration, focus, and persistence.
